various degrees. 7-Methyl-tryptophan inhibited anthranilate synthase activity and consequently derepressed the tip operon. Additionally, 7-methyltryptophan prevented IPA-mediated derepression but, unlike tryptophan, did so in a noncoordinate manner, with the later enzymes of the operon being relatively more repressed than the early enzymes. The effect of 7-methyltryptophan on IPAmediated derepression was likely not due to the interaction of IPA with the allosteric site of anthranilate synthase, even though feedback-resistant mutants of anthranilate synthase were partially resistant to derepression by IPA. The effect of 7-methyltryptophan on derepression by IPA was probably due to the effect of the analog-aporepressor complex on trp operon expression.
The efficiency ofregulation of tryptophan biosynthesis in Escherichia coli resides in the ability of tryptophan to interact at three different controlling sites. Negative control of tryptophan (trp) operon mRNA synthesis is mediated by the interaction of tryptophan and the tipR gene product, the aporepressor (10, 15, 20) . Tryptophan or a metabolic derivative of tryptophan modulates the fiequency of elongation ofmRNA throigh the attenuator region (3, 12) . In addition, tryptophan functions as an allosteric inhibitor of anthranilate synthase, the first enzyme in the tryptophan biosynthetic pathway (2) .
Structural analogs of L-tryptophan have had an important role in the development of our current knowledge of the mechanisms by which tryptophan regulates its own biosynthesis. Studies with tryptophan analogs have demonstrated that repression control of tip operon mRNA synthesis, both in vivo and in vitro, requires the formation of a functional repressor by the interaction of the aporepressor and L-tryptophan or certain analogs, such as 6-methyltryptophan (5, 10, 14, 15, 18) . These studies precluded the involvement of tryptophanyl-tRNA in repression control, although similar studies have indicated that tryptophanyl-tRNA may be involved in the control of tip mRNA elongation through the attenuator site (12) . Experiments with 7-methyltryptophan have demonstrated that this analog affects tip operon expression as a result of its interaction with the first enzyme in the tryptophan biosynthetic pathway (8) .
The aim of the studies described in this report was to evaluate tryptophan analogs for their ability to repress the in vivo synthesis of the tipE and tipB gene products, anthranilate synthase and the ,B subunit of tryptophan synthase, respectively. Therefore these experiments required a system in which repression of tip operon expression by tryptophan analogs could be reliably quantitated.
Repression of tip operon expression in E. coli cells growing in minimal medium is slight, because the tip operon is partially repressed under these conditions. However, treatment of cells with indole-3-propionic acid (IPA) causes rapid and coordinate derepression of the trp operon that is prevented by L-tryptophan (1, 11, 13) . In vitro studies have shown that derepression of trp operon expression by IPA was due to a direct effect of IPA on the trp aporepressor (17) . Therefore, IPA apparently decreases the level of functional tip repressor in cells, causing derepression of the trp operon. Consequently, the abilities of tryptophan analogs to repress the trp operon can be evaluated by determining, relative to Ltyptophan, each analog's ability to prevent IPA-mediated derepression. The effects of various modifications in tryptophan structure upon the ability of L-tryptophan to repress tip operon expression are described. In addition, the relationship of repression control of tip operon expression and allosteric control of anthranilate synthase by tryptophan analogs is discussed.
(This paper was taken in part from a thesis submitted to Marquette University, Milwaukee, Wis., by R. J. P. in partial fulfillment of the requirements for the Ph.D. degree.)
MATERIALS AND METHODS Bacterial strains. The strains of E. coli K-12 used in this study were derived from either W3110 tna or W1485 tna, which were isolated in this laboratory and lack detectable tryptophanase activity. Mutants described in this study were isolated after UV mutagenesis. The anthrnilate synthase activities of the thpE44 tna and tipE45 tna mutants were resistant to inhibition by L-tryptophan. aroG13 tna was characterized by its resistance to growth inhibition by 3-methylanthranilic acid and has 7-phospho-2-keto-3-deoxy-D-arabinoheptonate D-erythrose-4-phosphate-lyase (pyruvate-phosphorylating) (DAHP synthase) (EC 4.1.2.15) activity which is resistant to allosteric inhibition by phenylalanine (8) .
Culture conditions. Cultures of E. coli strains were routinely grown at 37°C with vigorous aeration on a rotary shaker in the minim medium of Vogel and Bonner (19) Chemicals Chorismic acid was prepared by the method of Gibson (6) . N-Acetyl-L-, 4-methyl-DL-, 6- methyl-DL-, and 7-aza-DL-tryptophan were purchased from Cyclo Chemical Co., Los Angeles, Calif. Tryptamine hydrochloride, 5-fluorotryptophan, and 6-fluorotryptophan were acquired from Aldrich Chemical Co., Milwaukee, Wis. Sigma Chemical Co., St. Louis, Mo., supplied 5-hydroxy-DL-tryptophan, 7-methyl-DL-tryptophan, and DL-tryptophan butyl ester hydrochloride. IPA was purchased from Eastman Organic Chemical Div., Eastman Kodak Co., Rochester, N. Y. L-Tryptophan, D-tryptophan, DL-tryptophan, L-tryptophan methyl ester hydrochlonde, L-tryptophan ethyl ester hydrochloride, and 5-methyl-DL-tryptophan were acquired from Schwarz/Mann, Orangeburg, N. Y. All analogs were freshly prepared in neutralized minimal medium except for IPA, which was prepared in ethyl alcohol. The final alcohol concentration in cell cultures did not exceed 3% (vol/vol). All other chemicals were commercially available.
All tryptophan analogs were examined by paper chromatography in an n-butyl alcohol-acetic acid-water (90:10:20) solvent system. The chromato- 
RESULTS
The tryptophan analog IPA derepresses tip operon expression at the level of transcription and translation in vivo (1, 11, 13) . IPA derepresses the trp operon because it apparently competes with L-tryptophan for binding to the aporepressor (11, 15 (Fig. 2) . Maximal and one-half-maximal repression were observed at approximately 12 and 5 ,uM L-tryptophan, respectively.
Based upon the results presented in Fig. 1 (Table 2 ). The analog 7-methyltryptophan (7-MT) is not readily clasfied with regard, to its ability to repress tip operon expresion, because repression ofanthranilate synthase and the tryptophan synthase fi subunit was not coordinate with the latter enzyme being repressed to a greater extent (Table 2) . Noncoordinate repression was also observed with 0.05 mM 7-MT (data not shown).
N-Acetyltryptophan and tryptanine did not signiicantly repress the tip operon, even at 0.25 mM ( Table 2) . The methyL ethyl, and butyl esters of tryptophan also did not repress the t*p operon at 0.025 mM, but maximal represson was observed at 0.25 mM ( Table 2 ). The possibility that repression at the higher concentration of the esters was due to production of typtophan, as a resut of removal of the ester group, was analyzed by determining the effect of the esters on the growth of a starved tryptophan auxotroph, W3110 tna tipA. The ester-substituted analogs supported growth of the tryptophan auxotroph under conditions similar to the repression studies, indicating that the esters were hydrolyzed (data not shown).
The possibility that noncoordinate repression VOL. 136, 1978 Mutants with a feedback-resistant DAHP synthase or with a feedback-reistant anthranilate synthase are not derepressed by 7-MT (8) . The ability of IPA to derepress the tip operon enzymes was tested with both types of feedbackresistant mutants. An aroG strain, with a feedback-resistant DAHP synthase, required approximately 10 times the concentration of IPA to achieve the same relative level of derepression seen with 0.25 mM IPA in W3110 tna (Fig. 3) .
Although not shown in Fig. 3, enzyme activities for two anthranilate synthase feedback-resistant strains, tipE44 tna and trpE45 tna, closely approximated the values on the lower curve, for the aroG strain. The increase in IPA concentration required for derepression may be due to an increase in endogenous tryptophan in feedbackresistant mutants, since from Table 4 it is apparent that IPA did not inhibit anthranilate synthase activity under conditions in which Ltryptophan and 7-MT were strong inhibitors. In addition, IPA did not affect L-tryptophan inhibition of enzyme activity. DISCUSSION Direct measurement of the interaction between the tipR gene product, the aporepressor, and L-tryptophan has been difficult, because efforts to purify the aporepressor have met with only partial success (15, 18, 20 expression (5, 10, 14, 17) . However, the effect of a tryptophan analog on trp operon expression is dependent not only upon the interaction of the analog with the tip aporepressor but also upon the interaction of the analog-aporepressor complex with the tip operator locus. Therefore, the inability of certain analogs to repress tip operon expression to the same degree as L-tryptophan may be a result of the properties of the analogaporepressor complex.
In the studies described in this report, the abilities of tryptophan analogs to interact with the tip aporepressor and to form functional complexes have been analyzed by comparing each analog to L-tryptophan for its ability to prevent IPA-mediated derepression of the tip operon. Derepremsion by IPA was concentration dependent ( Fig. 1 and 3) and was prevented by Ltryptophan in a concentration-dependent manner (Fig. 2) . Therefore, the a-amino group of Ltryptophan is probably required for the analogaporepressor complex to interact with the tip operator locus. In addition, the aporepressor apparently may have less affinity for IPA than for L-tryptophan, because 15 AM L-tryptophan completely prevented derepression by 250 yM IPA. The reduction in the level of trp operon enzymes by high concentrations of IPA (Fig. 3 ) was due to a reduction in the rate of translation of tip mRNA and not to repression of tip mRNA synthesis (unpublished data).
Among the analogs that apparently did not interact with the aporepressor, because they had no significant effect on the IPA-mediated derepression, were tryptanine, N-acetyltryptophan, and the methyl, ethyl, and butyl esters of tryptophan (Table 2) . Therefore, removal or substitution of the a-carboxyl group and substitution of the a-amino group significantly reduced the ability of L-tryptophan to form a functional complex with the aporepressor.
Other analogs, such as 4-methyl-, 5-methyl-, 5-fluoro-, 6-methyl-, and 6-fluorotryptophan, prevented IPA-mediated derepression ( Table 2 ), suggesting that they increased the concentration of functional repressor. Similar observations with certain of these analogs have been previously reported (5, 10, 14, 17, 20) . Partial repression of trp operon expression was observed with D-tryptophan, 7-aza-and 5-hydroxytryptophan, and 7-MT. Repression by 7-aza-or D-tryptophan was not concentration dependent. Thus, these analogs may form only a partially active complex with the aporepressor. Concentration-independent repression by D-tryptophan may be due to the enzymatic conversion of D-tryptophan to Ltryptophan in cells (7) . The possibility that repression by other analogs may be due to metabolism cannot be ruled out. The observation that methyl-or fluoro-group substitutions at C-5 had little or no effect on repression, whereas either a methyl-group substitution at C-7 or a hydroxyl-group substitution at C-5 reduced the level of repression, could reflect the interaction of these sites on L-tryptophan with the aporepressor or their role in determining a particular conformation of the repressor.
These studies predict that some purification of the trp aporepressor could be achieved by affinity chromatography, using tryptophan coupled to the support matrix through the indole ring. Efforts to purify the tip aporepressor by affinity chromatography in this laboratory have not been successful. However, the low affinity of the repressor for the tip operator locus apparently precluded detection of the aporepressor by the DNA binding methods that were used for assay.
The effect of 7-MT on IPA-mediated derepression was unique, because repression was noncoordinate (Tables 2 and 3 ). Noncoordinate repression may be due, at least in part, to the fact that 7-MT caused noncoordinate derepression of the trp operon (Table 3 ) (8) . Under our assay conditions, the level of repression was dependent upon the concentrations of IPA, of the analog, and of endogenous tryptophan. Consequently, the level of tip operon expression may be affected by the decrease in endogenous tryptophan due to feedback inhibition of anthranilate synthase activity by 7-MT. The conclusion that 7-MT partially repressed tip operon expression by interacting with the aporepressor while it noncoordinately derepressed the tip operon by limitation of endogenous tryptophan is not contradictory, because 7-MT was a weaker corepressor than L-tryptophan.
It was of interest that feedback-resistant mutants of anthranilate synthase and DAHP synthase, which were resistant to derepression by 7-MT (8), required higher concentrations of IPA to derepress the tip operon than did wild-type strains (Fig. 3) . This observation, in itself, might imply that the feedback site of anthranilate synthase has a role in IPA-mediated derepression of the tip operon, as has been observed with 7-MT (8) . However, the evidence presented in Table 4 indicates that IPA neither inhibited anthranilate synthase activity nor interacted with the feedback site. Since IPA apparently does not interact with the allosteric site of anthranilate synthase, the concentration dependence of IPA derepression in feedback-resistant mutants may be due to an increase in the concentration of intracellular tryptophan in these mutants. Tryptophan operon enzymes are repressed to a greater extent in feedback-resistant mutants grown in minimal medium than are their parent strains (data not shown) (8) , and higher levels of tryptophan have been observed in the culture medium from feedback-resistant mutants than in that from their parent strain (8) . Therefore, these observations indicate that the intracellular level of tryptophan is probably higher in feedback-resistant mutants than in wild-type strains and again point out the importance of the general aromatic pathway and the regulatory status of anthranilate synthase on the control of trp operon expression (8) .
